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Abstract
The asparagine hydroxylase, factor inhibiting HIF (FIH), confers oxygen-dependence upon
the hypoxia-inducible factor (HIF), a master regulator of the cellular adaptive response to
hypoxia. Studies investigating whether asparagine hydroxylation is a general regulatory
oxygen-dependent modification have identified multiple non-HIF targets for FIH. However,
the functional consequences of this outside of the HIF pathway remain unclear. Here, we
demonstrate that the deubiquitinase ovarian tumor domain containing ubiquitin aldehyde
binding protein 1 (OTUB1) is a substrate for hydroxylation by FIH on N22. Mutation of N22
leads to a profound change in the interaction of OTUB1 with proteins important in cellular
metabolism. Furthermore, in cultured cells, overexpression of N22A mutant OTUB1 impairs
cellular metabolic processes when compared to wild type. Based on these data, we hypoth-
esize that OTUB1 is a target for functional hydroxylation by FIH. Additionally, we propose
that our results provide new insight into the regulation of cellular energy metabolism during
hypoxic stress and the potential for targeting hydroxylases for therapeutic benefit.
Author Summary
Hypoxia is a commonly encountered physiologic and pathophysiologic stress to which
mammalian cells have evolved an effective adaptive response. This response is governed
by a transcription factor termed the hypoxia-inducible factor (HIF). The mechanisms link-
ing the cellular sensing of oxygen levels to HIF activation have been elucidated and involve
oxygen-dependent hydroxylation of HIF on proline and asparagine residues by a family of
hydroxylases. A key question that remains unclear is the extent to which oxygen-depen-
dent hydroxylation occurs as a functional post-translational modification outside of the
HIF pathway. This is key to developing our understanding of whether hydroxylation is a
general regulatory modification or one which has specifically evolved for the regulation of
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HIF. Here, we demonstrate that the deubiquitinase ovarian tumor domain containing ubi-
quitin aldehyde binding protein 1 (OTUB1) is a target for functional hydroxylation by the
FIH hydroxylase. Hydroxylation of OTUB1 by FIH on asparagine residue N22 results in a
restriction in its interactome, leading us to hypothesize a possible role for hydroxylation in
substrate targeting. Of interest, interactions of OTUB1 with a number of proteins involved
in metabolism are altered upon removal of the hydroxylation site—implicating OTUB1 as
a possible link between oxygen sensing and the regulation of metabolism.
Introduction
Hypoxia is a common feature of the microenvironment in a number of pathophysiologic con-
ditions and represents a significant threat to cellular metabolic homeostasis [1]. Eukaryotic
cells have evolved the capacity to rapidly sense changes in intracellular oxygen levels through a
family of hydroxylases that confer oxygen-dependence upon the key transcriptional regulator
of the adaptive response to hypoxia, termed the hypoxia-inducible factor (HIF) [2,3].
Hydroxylases were first identified as oxygen sensors in the HIF pathway and belong to the
Fe(II)- and 2-oxoglutarate-dependent dioxygenase superfamily [4]. These enzymes catalyze the
hydroxylation of proteins, in a manner that is dependent on the availability of molecular oxy-
gen (O2). Therefore, hydroxylase activity is decreased when O2 is low [5]. Four discrete HIF-
hydroxylase isoforms have been identified to date, three of which are prolyl-4-hydroxylases
(PHD1–3) (Uniprot accession numbers: Q96KS0, Q9GZT9, Q9H6Z9), which regulate the sta-
bility of HIFα subunits. In normoxia, the PHDs hydroxylate specific proline residues (P402
and P564 on HIF-1α), which promotes binding of the von Hippel-Lindau (VHL) (Uniprot
accession number: P40337) protein followed by formation of an E3 ubiquitin ligase complex,
HIFα ubiquitination and subsequent degradation [2]. In parallel with this, a second oxygen-
dependent repression of HIF transcriptional activity is regulated by asparaginyl hydroxylation.
The asparagine hydroxylase, termed factor inhibiting HIF (FIH) (Uniprot accession number:
Q9NWT6), hydroxylates an asparagine residue within HIFα subunits (N803 on HIF-1α),
resulting in steric inhibition of its interaction with the transcriptional co-activator p300/CBP,
thereby inhibiting HIF-dependent transcription [2]. In hypoxia, when HIFα hydroxylation is
reduced, HIFα subunits escape degradation, translocate into the nucleus, bind to the subunit
HIF-1β, form a transcriptional complex with p300/CBP and activate gene expression [6].
A number of proteins other than HIF are also sensitive to regulation by hypoxia. However,
the mechanism governing their oxygen-sensitivity is less clear [7]. A key question that remains
is whether functional hydroxylation is specific for the regulation of HIFα or if other oxygen-
sensitive proteins are also regulated by this post-translational modification. While the number
of proteins identified as being targets for proline hydroxylation is low [8–10], FIH-dependent
asparagine hydroxylation has been demonstrated for a larger group of non-HIF substrates,
including ankyrin-repeat domain (ARD)-containing proteins such as tankyrase, notch-1,
ASPP2, and IκBα [11–14]. However, the functional consequences of asparagine hydroxylation
in general remain less clear [15,16]. Notably, a functional hydroxylation of the ion channel
TRPV3 by FIH has recently been reported [17].
FIH homozygous knockout mice demonstrate a metabolic phenotype leading to the proposal
that FIH is a key regulator of cellular metabolism [18]. However, a change of HIF activity alone
due to FIH knockout could not explain all of the observed metabolic changes [18], indicating
HIF-independent mechanisms. Because of this, a key question remaining is whether other FIH
target proteins are involved in the observed metabolic phenotype in FIH-deficient mice.
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In a previous study, we identified a number of putative hydroxylation substrates in the IL-
1β signaling pathway that could account for the inhibition of IL-1β-induced inflammation
observed in cells treated with pharmacologic hydroxylase inhibitors [19]. One identified candi-
date for asparagine hydroxylation was the deubiquitinase (DUB) ovarian tumor domain con-
taining ubiquitin aldehyde binding protein 1 (OTUB1) (Uniprot accession number: Q96FW1)
[19]. Interestingly, in a global proteomic analysis, OTUB1 was identified to interact with meta-
bolic regulators [20]. Furthermore, mice deficient in OTUB1 demonstrate a lean body mass
phenotype that is reflective of altered metabolic function (http://www.mousephenotype.org/
data/genes/MGI:2147616).
In the current study, we provide evidence that N22 of OTUB1 is a bona fide target for enzy-
matic hydroxylation by FIH as demonstrated by a combination of mass spectrometric tech-
niques and in vitro peptide hydroxylation. Furthermore, site-directed point mutagenesis of
N22 enhanced the OTUB1 interactome, particularly with respect to proteins involved in
metabolism. Finally, overexpression of mutant OTUB1 resulted in cellular bio-energetic stress
(as reflected by enhanced AMP kinase activation) when compared to wild-type (WT) OTUB1,
thus indicating a functional role for N22 hydroxylation in terms of regulating cellular metabo-
lism. These data provide a mechanistic link between FIH-dependent hydroxylation of OTUB1
and alterations in cellular metabolism and contribute a further level of understanding to the
vital link between cellular oxygen-sensing mechanisms and the control of cellular metabolism.
Results
Regulation of Cellular Metabolism by FIH and OTUB1
Previous studies have linked homozygous FIH deficiency in mice with a phenotype of dis-
rupted energy metabolism. This is in part reflected by altered phosphorylation of AMPKα,
which reflects a change in the cellular AMP:ATP ratio and therefore can be used as a surrogate
marker of cellular metabolic stress. The molecular mechanisms underpinning this alteration in
AMPKα phosphorylation remain unknown, but appear to be independent of the prototypic
FIH substrate HIF [18]. In order to test whether FIH regulates energy metabolism at the cellu-
lar level, HEK293 cells were transfected with FIH-V5 for 24 h and cell extracts were generated
either prior to the addition of fresh medium or 8–24 h later. Overexpression of FIH led to an
increase in phosphorylation of AMPKα compared to cells transfected with an empty vector
(Fig 1A and 1B). This effect was most prominent prior to the addition of fresh medium. Over-
expression of the catalytically dead mutant FIH H199A did not change AMPKα phosphoryla-
tion (S1A and S1B Fig). These data support previous work linking FIH hydroxylase activity to
the regulation of metabolic processes in cells.
In a previous global screen, we identified the DUB OTUB1 as a putative new substrate for
asparagine hydroxylation by FIH [19]. Furthermore, mice deficient in OTUB1 demonstrate a
phenotype that is consistent with altered metabolism (http://www.mousephenotype.org/data/
genes/MGI:2147616). Also, OTUB1 was shown to interact with proteins involved in the regula-
tion of cellular metabolism [20]. In support of this, we found that overexpression of OTUB1 in
HEK293 cells was associated with an increase in phosphorylation of AMPKα 24 h following
the addition of fresh media (Figs 1C, 1D and S2A). This indicates that the cells were experienc-
ing metabolic stress as reflected by an imbalance in the cellular AMP:ATP ratio (and subse-
quent AMPK activation) when OTUB1 activity is increased. Furthermore, overexpression of
FIH together with simultaneous knockdown of OTUB1 prevented the FIH-dependent increase
in AMPKα phosphorylation (S1C, S1D and S2B Figs). Overall, these data led us to hypothesize
that OTUB1 hydroxylation by FIH may be a link in the association of FIH with an alteration in
cellular metabolism.
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OTUB1 Is Hydroxylated on N22 by Endogenous FIH
In order to determine whether OTUB1 is a bona fide FIH substrate, initially we used mass-
spectrometry–based approaches. First, we tested whether OTUB1 is enzymatically hydroxyl-
ated (as opposed to this being a spurious chemical oxidation event). To do this, in one set of
cells we maximized the asparagine hydroxylation capacity by overexpressing FIH along with
OTUB1. A second set of cells also overexpressing OTUB1 (but not FIH) were treated with the
pan-hydroxylase inhibitor DMOG to minimize hydroxylation capacity. Successful overexpres-
sion of OTUB1 is demonstrated by immunoprecipitation and quantitative mass spectrometric
analysis (Fig 2A). We next investigated the hydroxylation status of immunoprecipitated
OTUB1. Fig 2B shows an extracted ion chromatogram of an OTUB1 peptide containing the
N22 residue. Mass spectrometric analysis revealed that the peptides with the shorter retention
time corresponded with the hydroxylated form of this peptide. Decreased retention time has
previously been demonstrated to be associated with FIH-dependent hydroxylation of peptides
[11]. Tandem mass spectrometry (MS/MS) analysis of immunoprecipitated OTUB1 peptide
demonstrated N22 hydroxylation in the sample where FIH was also overexpressed but not in
the cells treated with DMOG (Figs 2B, 2C and S3). Importantly, the oxidation/hydroxylation
of M31 (reflecting a nearby spurious oxidation event) in the same samples was independent of
Fig 1. FIH and OTUB1 regulate cellular metabolism. (A)Western blot analysis of the impact of FIH overexpression on phosphorylation of AMPKα on T172
in HEK293 cells. Cells were transfected with either an empty vector or FIH-V5 for 24 h prior to media change. Phospho-AMPKα, total AMPKα, β-actin, and
FIH-V5 expression were assessed for up to 24 h following the addition of fresh medium by western blot. (B) Densitometric analysis of AMPKα
phosphorylation at the time point 0 h. (C) Analysis of the impact of OTUB1WT overexpression on phosphorylation of AMPKα (T172) in HEK293 cells. Cells
were transfected with either an empty vector or pFLAG-OTUB1WT for 24 h prior to media change, and phospho-AMPKα, total AMPKα, β-actin, and FLAG-
OTUB1 expression were assessed for up to 24 h by western blot. (D) Densitometric analysis of AMPKα phosphorylation at the time point 24 h. Data are
presented as a representative blot or mean densitometric analysis derived from n = 4 independent experiments. The underlying data of panels B and D can
be found in S1 Data.
doi:10.1371/journal.pbio.1002347.g001
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Fig 2. OTUB1 is enzymatically hydroxylated on asparagine 22. HEK293 cells were transfected with either an empty vector (negative control conditions),
pFLAG-HA-OTUB1 and pFIH-V5 with 50 μM ascorbate (high asparagine hydroxylation capacity conditions), or pFLAG-HA-OTUB1 and an empty vector with
2 mMDMOG (low hydroxylation capacity conditions). Following FLAG-specific immunoprecipitation samples were analyzed by mass spectrometry. (A)Mass
spectrometric analysis of the relative amount of immunoprecipitated OTUB1 in each sample. (B) Extracted ion chromatogram demonstrating levels of
OTUB1 peptides containing hydroxylated and non-hydroxylated asparagine 22 in cells exposed to either high or low hydroxylation capacity conditions. (C)
Hydroxylation levels of asparagine 22 of OTUB1 in high and low hydroxylation capacity conditions. The detected hydroxylation peptide intensity of each
sample was normalized to the amount of non-hydroxylated OTUB1 N22 peptide intensity detected. (D)Oxidation levels of methionine 31 in OTUB1 in high
and low hydroxylation capacity conditions. The detected oxidation peptide intensity of each sample was normalized to the amount of non-oxidized OTUB1
M31 peptide intensity detected. (E)HEK293 cells were transfected with pFLAG-HA-OTUB1 and pFIH-V5 for 24 h prior to an 8 h treatment with 50 μM
ascorbate (all samples) in combination with either 1 mMDMOG or incubation in normoxia (control; 21%O2) or hypoxia (0.2% O2). For instantaneous re-
oxygenation, hypoxic media was exchanged with normoxic media and samples were incubated for 1 h in normoxia following the 8 h of hypoxic exposure (H
+ Re-Ox). Treatment and overexpression efficiency were determined by western blot. (F) Hydroxylation levels of OTUB1 N22 of the samples shown in (E)
after FLAG-specific immunoprecipitation. The detected hydroxylation peptide intensity of each sample was normalized to the overall amount of total OTUB1
intensity detected. The experiments were performed with three biological replicates and two technical replicates (in the case of mass spectrometric analysis)
per sample. Data are represented as mean + standard deviation (SD). ** p < 0.01, *** p < 0.001 by Student’s t test for (A) and (C) and by one-way ANOVA
followed by Tukey post test for (F). AU: arbitrary units. The underlying data of panels A, C, D, and F can be found in S1 Data.
doi:10.1371/journal.pbio.1002347.g002
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enzymatic hydroxylase activity (Fig 2D). Methionine residues are highly susceptible to spurious
oxidation [21].
In order to investigate if the observed OTUB1 N22 hydroxylation was regulated by physio-
logically relevant changes in the cellular microenvironment, we incubated HEK293 cells over-
expressing both OTUB1 and FIH in 0.2% oxygen for 8 h with and without subsequent re-
oxygenation at 21% oxygen for one additional hour. The analysis of the OTUB1 N22 hydroxyl-
ation levels by mass spectrometry showed a significant reduction of OTUB1 N22 hydroxylation
in hypoxia which was significantly reversed by re-oxygenation (Fig 2E and 2F). DMOG-depen-
dent inhibition of hydroxylases led to a similarly reduced OTUB1 N22 hydroxylation level as
hypoxia (Fig 2F). Of note, the DMOG-dependent inhibition of OTUB1 hydroxylation was
partly reversed by FIH overexpression when compared to the effect of DMOG without FIH
overexpression (Fig 2C and 2F). Nutrient starvation for 8 h with and without re-introduction
of nutrients following for one additional hour also down-regulated OTUB1 N22 hydroxylation,
although to a lesser degree than hypoxia (S4A Fig). Overall, these data strongly support the
contention that N22 of OTUB1 is a bona fide substrate for enzymatic hydroxylation by FIH
and that this is regulated by changes in the cellular microenvironment such as hypoxia.
We next investigated whether OTUB1 hydroxylation on N22 is FIH-dependent. Alignment
of the amino acid sequence around N22 of OTUB1 with known FIH substrates and a recently
published consensus sequence for FIH target proteins revealed that N22 of OTUB1 lies within
a motif highly similar to the consensus sequence (Fig 3A) [22]. Protein sequence alignments
indicated that the OTUB1 consensus sequence is evolutionary conserved within mammals
(S4B Fig). We next overexpressed FLAG-HA-OTUB1 in HEK293 cells and either treated these
cells with non-targeting siRNA (siNT) or siRNA targeting endogenous FIH (siFIH) (Figs 3B
and S2C). OTUB1 was immunoprecipitated and the hydroxylation status of N22 was analyzed
by quantitative mass spectrometry. The hydroxylation of N22 was decreased in cells treated
with FIH siRNA supporting the concept that N22 of OTUB1 is a target for endogenous enzy-
matic FIH-dependent hydroxylation (Fig 3C). Furthermore, to demonstrate that N22 is
directly hydroxylated by FIH, FIH activity was measured in an in vitro CO2 capture assay using
purified FIH and either wild-type OTUB1 peptides containing N22 or OTUB1 peptides in
which N22 was replaced by an alanine residue (N22A). Using this assay, which measures the
turnover of 2-oxoglutarate into succinate and CO2 by FIH, we found a significant increase in
FIH activity in the presence of wild-type but not mutant OTUB1 peptide (Fig 3D). Taken
together, these data demonstrate that N22 of OTUB1 is a bona fide substrate for enzymatic
hydroxylation by FIH.
Mutation of the OTUB1 Hydroxylation Site Regulates its Interactome
We next investigated possible functional consequences of OTUB1 hydroxylation on N22. To
do this, we used the N22A mutant in order to prevent FIH-dependent hydroxylation at this
site. HEK293 cells were co-transfected with either FLAG-OTUB1WT or FLAG-OTUB1
N22A, along with FIH (in order to maximize hydroxylation capacity; Fig 4A). Following
immunoprecipitation of OTUB1 (demonstrated in Fig 4B) we identified the OTUB1WT and
the OTUB1 N22A interactomes by mass spectrometry. Initially, we confirmed the interaction
of both OTUB1WT and OTUB1 N22A with six previously described OTUB1 interacting pro-
teins (S5 Fig) [20,23–27]. We next used the interaction of FIH with OTUB1 as additional posi-
tive control [19] and confirmed this interaction in the case of OTUB1WT in the interactome
experiment and also subsequently by western blot analysis (Figs 4C and S5G). Interestingly,
this interaction was greatly reduced with OTUB1 N22A, indicating a key role for this residue
in the interaction between FIH and OTUB1 (Figs 4C and S5G).
FIH Regulates Metabolism through OTUB1
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Qualitative analysis revealed that 147 proteins were associated with OTUB1WT, while 318
proteins were associated with OTUB1 N22A (Fig 4D). Of the OTUB1 interacting proteins, 127
were associated with both OTUB1WT and OTUB1 N22A, indicating that the core interactome
is not affected by mutation of N22. However, when we compared the OTUB1WT and the
OTUB1 N22A interactomes, we found that while just 13 proteins were enriched in their associ-
ation with OTUB1WT over OTUB1 N22A, 147 proteins were enriched in their association
with OTUB1 N22A over OTUB1 WT (Fig 4D). There were 86 proteins that had equivalent lev-
els of interaction with both OTUB1WT and N22A. This indicates that loss of hydroxylation
on N22 leads to more than a doubling of the number of proteins in the OTUB1 interactome
through the recruitment of new binding partners. Of note, the N22A point mutation of
OTUB1 did not change its deubiquitinase activity, which indicates that this mutation does not
significantly alter protein structure (as catalytic activity is retained) (S6 Fig). Based on these
Fig 3. FIH hydroxylates OTUB1 on asparagine 22. (A) Sequence alignment of OTUB1 with previously identified FIH target proteins reveals that N22 lies
within an FIH consensus motif in OTUB1. Amino acid residues that are part of the FIH consensus sequence in human OTUB1 are highlighted in gray. The
FIH-targeted N22 residue of human OTUB1 is highlighted with “*”. (B)Western blot analysis demonstrating effective knockdown of FIH in HEK293 cells. (C)
Hydroxylation levels of OTUB1 N22 of the samples shown in (B) after FLAG-specific immunoprecipitation. The detected hydroxylation peptide intensity of
each sample was normalized to the amount of non-hydroxylated OTUB1 N22 peptide intensity detected. (D) In vitro CO2 capture assay for MBP-hFIH-
1-catalyzed hydroxylation-coupled stoichiometric release of 14CO2 from [1-
14C]-2-oxoglutarate with synthesized peptides as FIH substrates containing
demonstrated hydroxylation sites of HIF-1α, NOTCH and the putative hydroxylation site (N22) of OTUB1. An OTUB1 peptide containing a N22A point
mutation was used as control for an N22-specific reaction. The experiment described in (C) was performed with three biological replicates and two technical
replicates per sample and data are presented as mean + SD; * p < 0.05 by Student’s t test. Data presented in (D) as mean + SD of n = 3 experiments; *
p < 0.05, ** p < 0.01, *** p < 0.001 by one-way ANOVA followed by Tukey post test. The underlying data of panels C and D can be found in S1 Data.
doi:10.1371/journal.pbio.1002347.g003
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data, we hypothesize that hydroxylation of N22 on OTUB1 profoundly alters its interaction
with other proteins and is therefore likely of functional consequence.
Ontological analysis of the proteins differentially associated with OTUB1WT and OTUB1
N22A using the Panther database (www.pantherdb.org) revealed proteins associated with mul-
tiple biological processes (S7A and S7B Fig). However, metabolism-associated proteins were
most highly represented, which is in agreement with previously published data for wild-type
OTUB1 by Sowa et al., demonstrating that OTUB1 interacts with metabolic regulators [20].
Furthermore, OTUB1 N22A had increased numbers of metabolism-associated proteins when
compared to OTUB1 WT (Fig 4E and S1 Table) indicating that loss of N22 hydroxylation may
impact upon interaction between OTUB1 and multiple proteins important in the regulation of
metabolism. In summary, we demonstrate that N22A mutation of OTUB1 profoundly alters its
Fig 4. Point mutation of asparagine 22 to alanine regulates the OTUB1 interactome. HEK293 cells were transfected in biological triplicates with pFIH-V5
and empty vector (control), pFLAG-OTUB1WT, or pFLAG-OTUB1 N22A for 24 h. Following FLAG immunoprecipitation, the precipitates were analyzed for
OTUB1-associated proteins by mass spectrometry. (A)Western blot analysis of overexpression levels of OTUB1WT and N22A. (B) Relative amount of
immunoprecipitated OTUB1 in each sample. (C) Relative amount of FIH co-precipitated with OTUB1 in each sample (normalized to precipitated OTUB1
levels). (D) Number of interacting proteins enriched in FLAG-OTUB1WT or N22A over control. “Significantly regulated proteins” indicates the number of
proteins being significantly different between FLAG-OTUB1WT and N22A as indicated. Peptide sequences that were assigned to several proteins were
counted as a single interaction. (E)Gene Ontology analysis for biological processes of proteins significantly enriched and increased by at least 2-fold in
FLAG-OTUB1 N22A over FLAG-OTUB1WT. The experiment was performed with three biological replicates and two technical replicates per sample. (B), (C)
Data presented as mean + SD. *** p < 0.001 by Student’s t test. (D), (E) The analyses were performed using Panther database (www.pantherdb.org).
doi:10.1371/journal.pbio.1002347.g004
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physical interactome. Of note, proteins associated with metabolic processes are heavily repre-
sented in this cohort.
OTUB1Wild Type and OTUB1 N22A Differentially Regulate
Phosphorylation of AMPKα during Nutrient Starvation
We next investigated the impact of N22A mutation of OTUB1 on FIH-dependent regulation of
cellular metabolism under conditions of energy starvation in cultured cells. Simultaneous glu-
cose, glutamine, and pyruvate deprivation caused an increase in the phosphorylation of
AMPKα likely as a result of ATP depletion (Fig 5A and 5B). Cells overexpressing both wild
type OTUB1 and FIH (to maximize OTUB1 hydroxylation) showed similar levels of AMPKα
activity as control cells, however, cells overexpressing both FIH and N22A mutated OTUB1 (to
minimize OTUB1 hydroxylation) demonstrated robustly increased phosphorylation of
AMPKα. These data are consistent with our hypothesis that FIH-dependent N22 hydroxyl-
ation of OTUB1 contributes to the regulation of cellular metabolism by FIH.
OTUB1 N22 Hydroxylation Does Not Affect its Protein Stability
We next investigated the impact of the hydroxylation of N22 on the OTUB1 protein. We con-
sidered a potential change of OTUB1 protein levels and its half-life due to the hydroxylation of
N22 similar to the described regulation of the HIF-1α protein by prolyl hydroxylation. We
therefore established HEK293 cells stably overexpressing FLAG-OTUB1WT or N22A, which,
at the same time, also carried a stably integrated shRNA targeting the 30UTR of OTUB1 to
diminish endogenous OTUB1 protein levels (S8 Fig). We transiently transfected these cells
with FIH-V5 to maximize FLAG-OTUB1 WT hydroxylation and analyzed OTUB1WT and
N22A protein levels for up to 48 h by western blot. No significant change between the protein
levels of OTUB1WT and OTUB1 N22A was observed (Fig 6A and 6B). We next investigated if
endogenous OTUB1 protein levels change in response to an alteration of N22 hydroxylation
levels. We transiently transfected HEK293 cells with either empty vector (control) or FIH-V5
and treated the control cells with DMOG and the FIH overexpressing cells with DMSO. This
experimental set up was similar to the experiment performed in Fig 2A–2D, which lead to max-
imally hydroxylated N22 of OTUB1 in the FIH overexpressing sample and to diminished
hydroxylation of N22 in the DMOG-treated sample. We then analyzed endogenous OTUB1
protein levels in a time course for up to 48 h by western blot. No difference was observed
between maximally hydroxylated OTUB1 and minimally hydroxylated OTUB1 protein levels
(Fig 6C and 6D). In order to investigate the half-life of OTUB1 depending on its hydroxylation
status, HEK293 cells were incubated with DMOG for 16 h prior to the treatment with cyclo-
heximide (CHX) to inhibit protein synthesis. Within a time frame of 6 h CHX treatment, in
which HIF-1α protein levels significantly decreased, no change in OTUB1 protein levels were
observed (Fig 6E and 6F). Overall, these data demonstrate that the hydroxylation of OTUB1 at
N22 does not impact on OTUB1 protein stability.
Discussion
Hypoxia is a common feature of a number of diseases in which metabolism is significantly
altered, including chronic inflammation and cancer. The mechanisms by which hypoxia-
dependent alterations in metabolism occur in such disease states have important implications
for disease development and potential targets for future therapeutic intervention. In this study,
we provide new insight into the regulation of metabolism by hypoxia, which is mediated
through the DUB OTUB1.
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The identification of HIF as a ubiquitous master regulator of the cellular adaptive response
to hypoxia and its oxygen-dependent regulation by 2-oxoglutarate-dependent hydroxylases
were key discoveries in our developing understanding of the oxygen-sensing mechanisms
which operate in eukaryotic cells [21,28–33]. Because several pathways apart from HIF also
demonstrate sensitivity to hypoxia, it was initially anticipated that post-translational hydroxyl-
ation would be a common modification resulting in the conferral of oxygen sensitivity on mul-
tiple targets. However, while it appears that hydroxylation is indeed a common protein
modification, understanding the functional role of this outside of the HIF pathway has
remained elusive.
Functional proline-hydroxylation of non-HIF proteins by the HIF prolyl hydroxylases has
been proposed for a limited number of proteins, including FOXO3a, CyclinD1, ATF-4, and
IKKβ [8–10,34,35]. However, asparagine hydroxylation by FIH appears to be a more commonly
observed modification and has been clearly demonstrated for multiple non-HIF proteins,
including several ARD-containing proteins such as tankyrase, notch-1, and IκBα [11–13].
However, the functional impact of this on cellular signaling pathways (if any) remains unclear.
Therefore, the identification of new functional hydroxylation events is of key importance in
developing our understanding of this oxygen-sensitive, post-translational modification.
It has recently been demonstrated that mice that are homozygously deficient in FIH demon-
strate a metabolic phenotype characterized by (for example) reduced body weight, elevated
metabolic rate, and hyperventilation [18]. In these studies, the cellular bioenergetic status was
assessed by measurement of the activation of AMPK, a key gauge of cellular metabolic stress
which becomes activated when ATP is depleted and the AMP:ATP ratio increases. Because
these mice do not display a phenotype consistent with activated HIF, it appears that the
Fig 5. Mutation of the OTUB1 N22 hydroxylation site impacts on AMPKα phosphorylation in response to glucose, pyruvate, and glutamine
starvation. (A) HEK293 cells were transfected with either siNT or siOTUB1 for 24 h prior to transfection with pFIH-V5 and either empty vector control,
pFLAG-OTUB1WT or pFLAG-OTUB1 N22A for additional 24 h. Normal culture media was changed to media without glucose, pyruvate and glutamine and
the levels of phosphorylation of AMPKα were analyzed at the indicated time points. For the exposure to hypoxia, cells were incubated in 1% O2 (normoxia:
21%O2) for the indicated time point. (B) Densitometric analysis of P-AMPKα levels at 0 h and 8 h. Data was normalized to total AMPKα. Data is presented as
mean + standard error of the mean (SEM) of n = 3 independent experiments. * p < 0.05 by one-way ANOVA followed by Tukey post test. The underlying data
of panel B can be found in S1 Data.
doi:10.1371/journal.pbio.1002347.g005
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mechanisms underpinning the metabolic phenotype are at least in part independent of the HIF
pathway and depend upon other FIH-dependent pathways [18]. In this study, we identified
OTUB1 to be a new FIH substrate that may be important in the regulation of cell metabolism
(as also reflected by altered AMPK activation) and, as such, may provide mechanistic insight
into the metabolic phenotype observed in the FIH knockout mouse. Of note, wild-type OTUB1
has been reported to interact with metabolic regulators [20]. Furthermore, while homozygous
deletion of OTUB1 results in early lethality, mice heterozygously deficient in OTUB1 were
reported to display a metabolic phenotype characterized by decreased lean body mass (http://
www.mousephenotype.org/data/genes/MGI:2147616) [36–40]. Taken together, these data sug-
gest the possibility that OTUB1 hydroxylation may at least in part provide a molecular expla-
nation for some aspects of the observed phenotype in FIH-deficient mice.
Previous work has demonstrated a profoundly anti-inflammatory effect of pan-hydroxylase
inhibitors (which have inhibitory activity against both PHDs and FIH) in multiple models of
Fig 6. OTUB1 N22 hydroxylation does not impact on OTUB1 protein level and half-life. (A) HEK293 cells stably expressing shOTUB1 (targeting the
30UTR to diminish endogenous OTUB1 protein) and FLAG-OTUB1WT or N22A were transiently transfected with FIH-V5 for 24 h followed by western blot
analysis of OTUB1WT and N22A protein levels at the indicated time points. (B) Densitometric analysis of OTUB1WT and N22A protein levels. OTUB1
protein levels were normalized to β-actin loading control. (C) HEK293 wild-type cells were transiently transfect with either control plasmid or pFIH-V5 (to
maximize OTUB1 hydroxylation) for 24 h and subsequently treated with either 1 mM DMOG (to prevent OTUB1 hydroxylation) or DMSO for the indicated
time points. Endogenous OTUB1 protein levels were analyzed by western blot. (D) Densitometric analysis of endogenous OTUB1 protein levels. OTUB1
protein levels were normalized to β-actin loading control. (E)HEK293 wild-type cells were pre-treated with DMSO or 1 mMDMOG (to inhibit OTUB1
hydroxylation) for 16 h prior to the treatment with 50–100 μg/ml cycloheximide (CHX) for the indicated time points. Endogenous OTUB1 protein levels were
analyzed by western blot. (F) Densitometric analysis of endogenous OTUB1 protein levels. OTUB1 protein levels were normalized to β-actin loading control.
Data are presented as representative blot or as mean ± SEM of n = 3 independent experiments. The underlying data of panels B, D, and F can be found in S1
Data.
doi:10.1371/journal.pbio.1002347.g006
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intestinal inflammation [41]; however, the full mechanism underpinning this remains unclear.
Altered metabolism has recently been demonstrated to be a key regulator of inflammation
[42]. Therefore, a possible contributory mechanism for the anti-inflammatory activity of
hydroxylase inhibitors is through altered FIH-dependent hydroxylation of OTUB1, leading to
differential metabolism at inflamed sites.
In our study, we found that N22, the site of OTUB1 hydroxylation by FIH, is located in a
region of the protein that may be key to determining its activity. OTUB1 is unusual in that it
hydrolyzes specifically K48 ubiquitin bonds but also inhibits the formation of K63 and K48
ubiquitin chains via a non-canonical, non-catalytic function through inhibition of E2 ubiquitin
ligase activity [43–45]. In the OTUB1 apoenzyme, the residues N-terminal to the OTU catalytic
domain are disordered (approximately amino acids 1 to 45), whereas upon binding of both dis-
tal ubiquitin and an E2 ubiquitin-conjugating enzyme, for example UBCH5B, the folding of a
significant portion of the tail becomes stabilized as a structured alpha helix (amino acids 23 to
44) (Fig 7) [26,27,43]. N22 is located at the junction of the α-helix and the remaining unstruc-
tured region (amino acids 1 to 22). This is similar to the C-terminal transactivation domain
(CAD) of HIF-1α, which is disordered when it is unbound but forms three distinct α-helices
upon binding to CBP/p300, of which one helix includes N803, the HIF-1α asparagine residue
targeted for hydroxylation by FIH [46,47]. In an attempt to investigate the implications of the
hydroxylation of OTUB1 at this key hinge region, we found no impact of OTUB1 hydroxyl-
ation on OTUB1 protein levels or half-life (Fig 6). Also, OTUB1 enzymatic activity was unaf-
fected by the N22A point mutation (S6 Fig). Therefore, a direct regulation of the OTUB1
interactome by the N22 hydroxylation resulting in differential substrate targeting seems likely.
Consistent with this concept, protein:protein interactions have previously been demonstrated
to be directly modified by asparagine hydroxylation in the HIF pathway. FIH-dependent
hydroxylation of N803 disrupts HIF-1α interaction with the transcriptional co-activators
p300/CBP regulating HIF-1α-dependent trans-activation of gene expression. Ongoing studies
are investigating whether hydroxylation of wild-type OTUB1 at N22 impacts on its (non-)
canonical activity.
In summary, in this study we provide evidence that OTUB1 is a target for functional
hydroxylation by FIH. We propose that this modification may have important implications for
the regulation of cellular metabolism by changing OTUB1 substrate targeting under conditions
of hypoxia, such as those that occur during ischemia, chronic inflammation, and tumor
growth.
Materials and Methods
Cell Culture and Transient Transfection
Human embryonic kidney cells (HEK293) were cultivated under standard conditions and used
for all experiments presented. Standard cell culture media was DMEMmedia containing 4.5 g/l
glucose, sodium pyruvate and L-glutamine. As media for nutrient starvation experiments
DMEMmedia without glucose, sodium pyruvate or L-glutamine was used. For the transient
transfection of both siRNAs and plasmids Lipofectamine 2000 reagent (Invitrogen) was used
according to the manufacturer’s description.
Plasmids, siRNAs and Peptides
The plasmid encoding FIH-V5 was a kind gift of Dr. Eric Metzen (University of Duisburg-
Essen, Essen, Germany), whereas the wild-type FLAG-OTUB1 coding plasmid was generously
provided by Dr. Mu-Shui Dai (Oregon Health and Science University, Portland, Oregon,
United States) [25]. The FLAG-HA-OTUB1 plasmid was a gift from Dr. Wade Harper
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(Harvard Medical School, Boston, Massachusetts, US) (Addgene plasmid # 22551) [20]. The
plasmid encoding FIH H199A has previously been described [32]. Nontargeting siRNA (siNT)
was purchased from Dharmacon (GE Healthcare) (ON-TARGETplus SMARTpool). The
siRNA targeting FIH (siFIH) was produced by Eurofins Genomics according to a previously
reported sequence [11] (sequence F1). siRNA targeting the 30UTR of OTUB1 was produced by
Eurofins Genomics according to a previously reported sequence [25] (siRNA-4).
Generation of OTUB1 Mutant by Site-Directed Mutagenesis
The FLAG-OTUB1 N22A mutant was generated with the Quikchange II XL Site-Directed
Mutagenesis kit (Agilent technologies) according to the manufacturer’s description, using the
plasmid encoding FLAG-OTUB1 wild-type as template. Successful mutation was confirmed by
sequencing of the targeted site in the obtained plasmid.
Fig 7. Crystal structure of OTUB1 in complex with UBCH5B, ubiquitin and ubiquitin aldehyde. Indication of the position of the FIH-targeted asparagine
22 of OTUB1 in its secondary, tertiary, and quarternary structure. The image depicts the secondary structure annotation and the crystal structure of a human/
Caenorhabditis elegansOTUB1 hybrid (containing the N-terminal 45 amino acids of human OTUB1 and the OTU domain of C. elegansOTUB1) in complex
with human UBCH5B (containing a C85Smutation), human ubiquitin and human ubiquitin aldehyde. Structural two-dimensional images and data of the
three-dimensional structures were downloaded from RCSB PDB (http://www.rcsb.org/) (PDB ID: 4LDT) and the three-dimensional image was created using
Protein Workshop [48,49]. The original data was published byWiener et al., 2013 [26]. Electron density was not observed for amino acids 1–22 of the N-
terminus because these residues were disordered. Author Sec. Struc. = Secondary structure annotation approved by depositor of structure.
doi:10.1371/journal.pbio.1002347.g007
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Western Blot Analysis
Protein concentrations of cell lysates for western blot analysis were determined using the Bio-
Rad DC protein assay. Equal amounts of protein were separated by SDS PAGE, transferred to
nitrocellulose membranes and detected using anti-OTUB1 antibody (Cell Signaling), anti-β-
actin antibody (Sigma), anti-AMPKα antibody (Cell Signaling), anti-phospho-AMPKα
(Thr172) antibody (Cell Signaling), anti-FIH antibody (Abcam), anti-α-tubulin antibody
(Santa Cruz), anti-FLAG antibody (Sigma), anti-V5 antibody (Invitrogen), or anti-HA anti-
body (Roche).
In Vitro Hydroxylation Assay
Peptide hydroxylation was assayed by the hydroxylation-coupled decarboxylation of [1-14C]-
2-oxoglutarate by human FIH (hFIH) as described previously [50]. Each 40 μl reaction con-
tained 3.5 μMMBP-hFIH, 625 μMpeptide substrate, 300 μM FeSO4, 40 μM 2-oxo[1-
14C]gluta-
rate (40,000 dpm), 4 mM ascorbate, 500 μM dithiothreitol, 0.4 mg bovine serum albumin, and
50 mM Tris-HCl (pH 7.0), and was incubated at 37°C for 60 min. Filters were dried, Ultima-
Gold XR scintillatant added, and counted on a MicroBeta 2450 (Perkin Elmer).
Immunoprecipitation and Mass Spectrometric Analysis
Immunoprecipitation was carried out as previously described [19]. Briefly, cell lysates were
incubated with the antibody-coupled beads anti-FLAGM2 affinity gel (Sigma) at 4°C for 1 h.
Subsequently, the agarose beads were washed twice with lysis buffer (1% Triton X-100, 20 mM
Tris-HCl (pH 7.5), 150 mMNaCl, 1 mMMgCl2) and twice with washing buffer (20 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1 mMMgCl2). This was followed by sample preparation for mass
spectrometric analysis as previously described [51]. The samples were analyzed by a Q-Exactive
mass spectrometer (Thermo Scientific) and searched with MaxQuant. MS/MS spectra were
searched against the human UniProt database (www.uniprot.org). Variable modifications
included (MYWNDEPK) hydroxylation/oxidation. For a more detailed description, see Scholz
et al. 2013 [19]. The mass spectrometry proteomics data of the OTUB1 hydroxylation experi-
ments have been deposited to the ProteomeXchange Consortium [52] via the PRIDE partner
repository with the dataset identifier PXD002103.
Functional Analysis of OTUB1Wild-Type and N22A Mutant Interactome
Datasets
The datasets of OTUB1WT and OTUB1 N22A mutant co-precipitated proteins obtained by
mass spectrometric analysis were first filtered for significant enrichment of proteins over con-
trol. Proteins were only considered as part of the interactome when the average of the six data-
sets obtained (three biological and two technical replicates) was at least 2-fold different to the
negative control and, additionally, when this difference was statistically significant (Student’s t
test was applied). In addition, the obtained lists were analyzed for differences between the wild-
type and mutant interactome. Proteins were only considered to be changed between these two
groups when the difference was at least 2-fold and when this difference was statistically signifi-
cant. These analyses were carried out with Excel (Microsoft). The PANTHER database (www.
pantherdb.org) was used for functional annotation of the obtained lists of proteins and to clus-
ter the proteins according to the assigned gene ontology terms [53,54]. The protein interactions
from this publication have been submitted to the IMEx (http://www.imexconsortium.org) con-
sortium through IntAct [55] and assigned the identifier IM-23897. For some identified
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peptides in this experiment, it was not possible to assign the sequence to one specific protein.
These results will not be shown in the IntAct database but are available in S2 Data.
FLAG-OTUB1 Deubiquitinase Assay
1.5 x 108 HEK293 cells stably expressing empty vector (control), FLAG-OTUB1WT or N22A
were harvested by trypsinisation, washed 1x in cold PBS and lysed in 1 ml 1x TBS plus 1%
NP40, 5 mMMgCl2, 1 mM PMSF and 1x Roche cOmplete EDTA-Free Protease Inhibitor Cock-
tail per sample on ice for 30 min. Lysates were clarified by centrifugation at 14,000 rpm at 4°C
for 10 min and pre-cleared by incubating with 12.5 μl Sepharose 6 fast flow resin and 12.5 μl
Protein G Dynabeads (prepared according to manufacturer’s instructions) for 30 min at 4°C
with rotation. Immunoprecipitation was performed on pre-cleared lysates by adding 25 μl Pro-
tein G Dynabeads and 10 μl ANTI-FLAGM2 antibody per sample and incubating for 2.5 h at
4°C with rotation. Beads were then washed 3x in cold TBS + 0.2% NP40 with a final wash in
cold TBS before resuspending in 60 μl TBS. Immunoprecipitated FLAG-OTUB1WT and N22A
(bound to Protein G Dynabeads, equivalent to approximately 3 x 107 cells) was incubated with
600 nM K48-tetraubiquitin (K48-Ub4) at 37°C. Samples were harvested at 0, 30, and 60 min.
Empty vector IP beads were used as a negative control and 26S proteasomes as a positive control
for DUB activity. Samples were mixed with SDS loading buffer, heated at 90°C for 5 min and
separated on 4%–12% bis-tris gels. Proteins were transferred to PVDFmembranes and blocked
in PBS/0.2% Tween-20 plus 3% BSA for 1 h at room temperature. Proteins were detected with
HRP-conjugated P4D1 anti-ubiquitin antibody and. ANTI-FLAGM2 antibody.
Generation of Plasmids Encoding GST-OTUB1WT or N22A for
Bacterial Expression
OTUB1WT and OTUB1 N22A were amplified by polymerase-based chain reaction (PCR)
using pFLAG-OTUB1WT or N22A as template. The sequences were cloned into the entry vec-
tor pENTR4 (Invitrogen) using the restriction enzymes NcoI (Thermo Scientific) and XhoI
(Thermo Scientific). Subsequently, pDEST15-OTUB1WT and N22A (vector carrying the
GST-tag) were generated using the gateway system (Invitrogen) with the LR clonase II (Invitro-
gen) according to the manufacturer’s description.
Bacterial Expression and Purification of GST-OTUB1WT and N22A
Escherichia coli BL21-AI (Invitrogen) were transformed with pDEST15-OTUB1WT or N22A,
respectively, and protein expression was induced by adding 0.2% L-Arabinose for 3h at 37°C.
Bacteria were lysed using a Cell Disruptor (TS Series Bench Top, Constant Systems Ltd.) at 35
kpsi in two cycles. Lysates were cleared by ultracentrifugation at 162,000 xg and 4°C for 1 h (Sor-
vall WX100 Ultracentrifuge) and subsequently affinity purified with Glutathione Sepharose Fast
Flow Columns (GSTrap FF, GE Healthcare) in the duo flow system (Bio-Rad). Successful protein
expression and purification was verified by Coomassie staining and western blot against OTUB1.
GST-OTUB1 Dialysis
Purified GST-tagged OTUB1WT and N22A were dialysed in 20 mM Tris, 150 mM NaCl, 1
mMDTT to remove GSH. Samples were loaded into SnakeSkin dialysis tubing, sealed and
incubated in dialysis buffer at 4°C overnight with gentle stirring. Samples were transferred to
fresh buffer for a further 1 h at 4°C. Final protein concentration was assayed using a Nanodrop
2000 spectrophotometer and checked by running equal concentrations of GST-OTUB1WT
and N22A on a 10% SDS PAGE gel and staining with Coomassie brilliant blue.
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GST-OTUB1 Deubiquitinase Assays
Purified GST-OTUB1WT and N22A were incubated with 600 nM K48-Ub4 at 37°C. Samples
were harvested at 0, 30, and 60 min. K48-Ub4 alone was used as a negative control. Samples
were mixed with SDS loading buffer, heated at 90°C for 5 min and run on 4%–12% bis-tris gels.
Proteins were transferred to PVDF membranes and blocked in PBS/0.2% Tween-20 plus 3%
BSA for 1 h at room temperature. Membranes were probed with HRP-conjugated P4D1 anti-
ubiquitin antibody and anti-GST antibody.
Functional Analysis of the Interactome Dataset by DAVID Bioinformatic
Resources
For the functional analysis of metabolic proteins enriched in the OTUB1 N22A interactome
over OTUB1WT interactome the online tool DAVID Bioinformatics Resources 6.7 (http://
david.abcc.ncifcrf.gov/) was used [56,57]. Functional annotation clustering was performed
using default settings.
Establishment of Stable HEK293 OTUB1 Overexpression and Rescue
Cell Lines
Control plasmids and plasmids encoding FLAG-OTUB1WT or FLAG-OTUB1 N22A were
linearized by digestion with PvuI (Thermo Scientific) and transiently transfected into HEK293
WT cells. Cells were selected with 1 mg/ml G418 for 4 wk.
An expression vector encoding a short hairpin RNA (shRNA) sequence targeting the 30UTR
of human OTUB1 (Sigma, TRCN0000273238) and a non-targeting shRNA (shControl) (Sigma,
SHC016) were purchased from Sigma. Lentiviral particles for shOTUB1 and shControl were
produced in HEK293T cells using the Vira-Power lentiviral expression vector system according
to the manufacturer’s instructions (Invitrogen). HEK293 cells overexpressing FLAG-OTUB
WT or N22A or control cells were infected with shOTUB1 or shControl lentiviral particles fol-
lowed by selection with 2.5 μg/ml puromycin for 4 wk.
Primer and Peptide Sequences
Primers designed for the site-directed mutagenesis of OTUB1 were as follows:
Forward primer 50-AGGCCAGACAGGCAACACCTTCGGAGTCGCTGC-30
Reverse primer 50-GCAGCGACTCCGAAGGTGTTGCCTGTCTGGCCT-30
Primers designed for the cloning of OTUB1 WT and N22A into pENTR4:
Forward primer 50-ACGTCCATGGCGGCGGAGGAACCTCAGCA-30
Reverse primer 50-ACGTCTCGAGCTATTTGTAGAGGATATCGT-30
Peptide sequences of peptides used in the in vitro hydroxylation assay:
Human HIF1 N803: DESGLPQLTSYDCEVNAPI
Murine Notch N2012: VEGMLEDLINSHADVNAVDD
Human OTUB1 N22: QQQKQEPLGSDSEGVNCLAYDEAIMAQQDRIQQE
Human OTUB1 N22A: QQQKQEPLGSDSEGVACLAYDEAIMAQQDRIQQE
Statistical Analysis
For the analysis of statistical significance one-way ANOVA followed by Tukey test was applied
for comparisons of more than two different datasets. For the comparison of two different data-
sets, unpaired Student’s t test was applied. P-values< 0.05 were considered statistically
significant.
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Supporting Information
S1 Data. Numerical data used in preparation of Figs 1B, 1D, 2A, 2C, 2D, 2F, 3C, 3D, 5B,
6B, 6D, 6F, S1B, S1D, S4A, and S6D.
(XLSX)
S2 Data. Dataset of the investigation of the OTUB1WT and OTUB1 N22A interactome.
Peptides assigned to several proteins are presented together with these assigned proteins in one
row. Numerical data used in preparation of S1 Table.
(XLSX)
S1 Fig. FIH-dependent regulation of cellular metabolism is dependent on its catalytic activ-
ity and the presence of OTUB1. (A)Western blot analysis of the impact of overexpression of
the FIH catalytically dead mutant (H199A) on phosphorylation of AMPKα on T172 in
HEK293 cells. Cells were transfected with either empty vector or FIH-V5 for 24 h prior to
media change. Phospho-AMPKα, total AMPKα, β-actin and V5-FIH expression was assessed
for up to 24 h following the addition of fresh medium by western blot. (B) Densitometric anal-
ysis of AMPKα phosphorylation at the time point 0 h. (C) Analysis of the impact of OTUB1
knockdown on FIH overexpression induced phosphorylation of AMPKα (T172) in HEK293
cells. Cells were transfected with control siRNA (siNT) or siOTUB1 for 24 h prior to the trans-
fection of either an empty vector or pFLAG-OTUB1WT for further 24 h. This was followed by
media change and phospho-AMPKα, total AMPKα, β-actin and V5-FIH expression was
assessed for up to 24 h by western blot. (D) Densitometric analysis of AMPKα phosphorylation
at the time point 0 h. Data are presented as a representative blot or mean densitometric analysis
derived from n = 4 independent experiments. The underlying data of panels B and D can be
found in S1 Data.
(TIF)
S2 Fig. Establishment of transient overexpression and knockdown of OTUB1 and FIH. (A)
HEK293 cells in 12-well plates were transiently transfected with the indicated amounts of
either empty vector (control), FLAG-HA-OTUB1, or FLAG-OTUB1 for 24 h prior to lysis.
The relative OTUB1 overexpression levels were analyzed by western blot. (B)HEK293 cells in
12-well plates were transiently transfected with either control siRNA (siNT) or siRNA targeting
the 30-UTR of OTUB1 for 48 h prior to lysis. The transfection was performed at the indicated
concentrations and with the indicated repeats. 300 ng of FLAG-HA-OTUB1 were transfected
(low overexpression of OTUB1) 24 h prior to lysis. (C)HEK293 cells were transiently trans-
fected in 12-well plates with either control siRNA (siNT) or siRNA targeting FIH for 48 h prior
to lysis. The transfection was performed at the indicated concentrations and with the indicated
repeats.
(TIF)
S3 Fig. Analysis of N22 hydroxylation of OTUB1 in response to FIH overexpression or
DMOG treatment. (A), (B) Extracted ion chromatograms showing peaks of OTUB1 peptides
containing hydroxylated and non-hydroxylated asparagine 22. (C)Mass spectrometric analysis
of non-hydroxylated and hydroxylated N22-containing OTUB1 peptides. (D) Tandemmass
spectrometric analysis of N22 hydroxylation of OTUB1.
(TIF)
S4 Fig. The impact of nutrient starvation and re-stimulation on OTUB1 N22 hydroxylation
and the evolutionary conservation of the OTUB1 N22 hydroxylation site. (A)HEK293 cells
were transiently transfected with FLAG-HA-OTUB1 and FIH-V5 for 24 h prior to nutrient
starvation for 8 h or nutrient starvation (8 h) followed by re-stimulation with nutrient rich
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media for one additional hour. Control cells were incubated with nutrient rich media through-
out the experiment. Following FLAG-specific immunoprecipitation the hydroxylation levels of
OTUB1 N22 were analyzed using mass spectrometry. The detected hydroxylation peptide
intensity of each sample was normalized to the overall amount of total OTUB1 intensity
detected. The experiment was performed with three biological replicates and two technical rep-
licates per sample. Data are represented as mean + SD.  p< 0.05,  p< 0.001 by one-way
ANOVA followed by Tukey post test. (B) Protein sequences of the OTUB1 protein of different
species were downloaded from the Uniprot database (www.uniprot.org) and aligned with the
multiple sequence alignment tool Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/)
[58,59]. Amino acid residues that are part of the FIH consensus sequence in human OTUB1
are highlighted in gray. The FIH-targeted N22 residue of human OTUB1 is highlighted with
“”. The underlying data of panel A can be found in S1 Data.
(TIF)
S5 Fig. The impact of OTUB1 N22 hydroxylation on known OTUB1 interactors and the
verification of its impact on the interaction with FIH.HEK293 cells were transfected in bio-
logical triplicates with pFIH-V5 and either empty vector (control), pFLAG-OTUB1WT or
pFLAG-OTUB1 N22A for 24 h prior to FLAG-specific immunoprecipitation. The precipitants
were analyzed for associated proteins by mass spectrometry and the values were normalized to
relative amounts of precipitated OTUB1. Interaction of FLAG-OTUB1WT and FLAG-OTUB1
N22A with (A)Ubiquitin#, (B)UBE2N (UBC13), (C)UBE2D1 (UBCH5A)§, (D)UBE2D2
(UBCH5B), (E)UBE2D3 (UBCH5C), and (F)MSH2. # The peptides identified as ubiquitin
were not unambiguously identified. It was not possible to distinguish between the following
proteins: RPS27A, UBC, UBB, UBA52. § The peptide sequences identified could also belong to
UBE2D4 according to the Uniprot (www.uniprot.org) entry with the identifier Q9UQL0. How-
ever, this entry has not been reviewed yet and shows a low annotation score. (G)HEK293 cells
were transfected with FIH-V5 and either empty vector (control), FLAG-OTUB1WT, or N22A
for 24 h prior to lysis and FLAG-specific immunoprecipitation. The levels of protein overex-
pression and the efficacy of the (co-)immunoprecipitation were determined by western blot.
Representative blot of n = 3 independent experiments.
The experiment shown in (A)–(F) was performed with three biological replicates and two tech-
nical replicates per sample. Data presented as mean + SD.  p< 0.05,  p< 0.01,  p< 0.001
by Student’s t test.
(TIF)
S6 Fig. The OTUB1 N22A point mutation does not change OTUB1 enzymatic activity. (A)
FLAG tagged WT and N22A OTUB1 were immunoprecipitated from stably transfected
HEK293 cells and washed resins incubated with 600 nM K48-tetraubiquitin (K48-Ub4) at 37°C
for the indicated time points. HEK293 cells stably transfected with an empty vector (Control)
were used as control. DUB activity was measured by western blot for ubiquitin. We used 20
nMmammalian 26S proteasomes (26S) as a control for DUB activity. (B) The purity of recom-
binantly expressed GST-OTUB1 and GST-OTUB1 N22A following dialysis was measured by
Coomassie staining. (C) Purified GST-OTUB1WT and GST-OTUB1 N22A were incubated
with 600 nM K48-Ub4 at 37°C for the times indicated and the DUB activity was measured by
Western Blot for ubiquitin. (D) Densitometric analysis of the levels of the K48-linked chains.
Data are presented as representative blot or as mean ± SEM of n = 3 independent experiments.
The underlying data of panel D can be found in S1 Data.
(TIF)
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S7 Fig. Point mutation of asparagine 22 to alanine regulates the association of OTUB1
with proteins of different pathways. (A) Gene Ontology analysis for biological processes of
proteins significantly enriched and increased by at least 2-fold in FLAG-OTUB1WT over con-
trol. (B) Gene Ontology analysis for biological processes of the proteins significantly enriched
and increased by at least 2-fold in FLAG-OTUB1 N22A over control. The analyses were per-
formed using Panther database (www.pantherdb.org).
(TIF)
S8 Fig. Establishment of stably transfected cells lines.HEK293 cells were stably transfected
with either empty vector (control), FLAG-OTUB1 WT or FLAG-OTUB1 N22A alone or with
the combination of control and a non-targeting shRNA (shControl), control and a shRNA tar-
geting the 30UTR of OTUB1 (shOTUB1), FLAG-OTUB1WT and shOTUB1, or FLAG-O-
TUB1 N22A and shOTUB1. OTUB1 overexpression and knockdown were determined by
western blot.
(TIF)
S1 Table. DAVID Functional annotation of metabolic proteins significantly enriched in
the OTUB1 N22A over WT interactome. Proteins significantly enriched in OTUB1 N22A co-
precipitants over OTUB1WT co-precipitants were analyzed with DAVID Bioinformatics
Resources (http://david.abcc.ncifcrf.gov/) for functional annotation clustering. Listed are the
obtained clusters and proteins for metabolic pathways.
(DOCX)
Acknowledgments
We thank Dr. Eric Metzen (University of Duisburg-Essen, Essen, Germany) for the kind gift of
the plasmid coding for FIH-V5. Dr. Mu-Shui Dai (Oregon Health and Science University,
Portland, Oregon, US) kindly supplied the plasmid encoding FLAG-OTUB1 wild type. We
thank Dr. Wade Harper (Harvard Medical School, Boston, Massachusettes, US) for making the
plasmid encoding FLAG-HA-OTUB1 available (Addgene plasmid # 22551).
Author Contributions
Conceived and designed the experiments: CCS JR CP SB JaF KAN JAN DJP RHW AVK EPC
CTT. Performed the experiments: CCS JR CP SB JaF KAN PS MASC BC DNH AVK. Analyzed
the data: CCS JR CP SB JaF KAN JAN DJP RHWAVK EPC CTT. Contributed reagents/mate-
rials/analysis tools: CCS JR CP SB JaF JAN DJP RHW AVK EPC CTT. Wrote the paper: CCS
CTT.
References
1. Semenza GL. Regulation of oxygen homeostasis by hypoxia-inducible factor 1. Physiology (Bethesda).
2009; 24:97–106. Epub 2009/04/15. doi: 10.1152/physiol.00045.2008 PMID: 19364912.
2. Schofield CJ, Ratcliffe PJ. Oxygen sensing by HIF hydroxylases. Nat Rev Mol Cell Biol. 2004; 5
(5):343–54. Epub 2004/05/04. [pii]. PMID: 15122348.
3. Scholz CC, Taylor CT. Hydroxylase-dependent regulation of the NF-kappaB pathway. Biol Chem.
2013; 394(4):479–93. Epub 2013/01/31. doi: 10.1515/hsz-2012-0338 PMID: 23362195.
4. Kaelin WG Jr., Ratcliffe PJ. Oxygen sensing by metazoans: the central role of the HIF hydroxylase
pathway. Mol Cell. 2008; 30(4):393–402. Epub 2008/05/24. S1097-2765(08)00292-X [pii] doi: 10.1016/
j.molcel.2008.04.009 PMID: 18498744.
5. Scholz CC, Taylor CT. Targeting the HIF pathway in inflammation and immunity. Curr Opin Pharmacol.
2013. Epub 2013/05/11. doi: 10.1016/j.coph.2013.04.009 PMID: 23660374.
FIH Regulates Metabolism through OTUB1
PLOS Biology | DOI:10.1371/journal.pbio.1002347 January 11, 2016 19 / 22
6. Semenza GL. Hypoxia-inducible factors in physiology and medicine. Cell. 2012; 148(3):399–408. Epub
2012/02/07. doi: 10.1016/j.cell.2012.01.021 PMID: 22304911.
7. Cummins EP, Taylor CT. Hypoxia-responsive transcription factors. Pflugers Arch. 2005; 450(6):363–
71. Epub 2005/07/12. doi: 10.1007/s00424-005-1413-7 PMID: 16007431.
8. Cummins EP, Berra E, Comerford KM, Ginouves A, Fitzgerald KT, Seeballuck F, et al. Prolyl hydroxy-
lase-1 negatively regulates IkappaB kinase-beta, giving insight into hypoxia-induced NFkappaB activ-
ity. Proc Natl Acad Sci U S A. 2006; 103(48):18154–9. Epub 2006/11/23. 0602235103 [pii] PMID:
17114296.
9. Moser SC, Bensaddek D, Ortmann B, Maure JF, Mudie S, Blow JJ, et al. PHD1 links cell-cycle progres-
sion to oxygen sensing through hydroxylation of the centrosomal protein Cep192. Dev Cell. 2013; 26
(4):381–92. doi: 10.1016/j.devcel.2013.06.014 PMID: 23932902.
10. Zheng X, Zhai B, Koivunen P, Shin SJ, Lu G, Liu J, et al. Prolyl hydroxylation by EglN2 destabilizes
FOXO3a by blocking its interaction with the USP9x deubiquitinase. Genes Dev. 2014; 28(13):1429–44.
doi: 10.1101/gad.242131.114 PMID: 24990963.
11. CockmanME, Lancaster DE, Stolze IP, Hewitson KS, McDonoughMA, Coleman ML, et al. Posttransla-
tional hydroxylation of ankyrin repeats in IkappaB proteins by the hypoxia-inducible factor (HIF) aspara-
ginyl hydroxylase, factor inhibiting HIF (FIH). Proc Natl Acad Sci U S A. 2006; 103(40):14767–72. Epub
2006/09/28. 0606877103 [pii] PMID: 17003112.
12. Cockman ME,Webb JD, Kramer HB, Kessler BM, Ratcliffe PJ. Proteomics-based identification of
novel factor inhibiting hypoxia-inducible factor (FIH) substrates indicates widespread asparaginyl
hydroxylation of ankyrin repeat domain-containing proteins. Mol Cell Proteomics. 2009; 8(3):535–46.
Epub 2008/10/22. M800340-MCP200 [pii] doi: 10.1074/mcp.M800340-MCP200 PMID: 18936059.
13. Zheng X, Linke S, Dias JM, Gradin K, Wallis TP, Hamilton BR, et al. Interaction with factor inhibiting
HIF-1 defines an additional mode of cross-coupling between the Notch and hypoxia signaling path-
ways. Proceedings of the National Academy of Sciences of the United States of America. 2008; 105
(9):3368–73. Epub 2008/02/27. doi: 10.1073/pnas.0711591105 PMID: 18299578.
14. Janke K, Brockmeier U, Kuhlmann K, Eisenacher M, Nolde J, Meyer HE, et al. Factor inhibiting HIF-1
(FIH-1) modulates protein interactions of apoptosis-stimulating p53 binding protein 2 (ASPP2). J Cell
Sci. 2013; 126(Pt 12):2629–40. doi: 10.1242/jcs.117564 PMID: 23606740.
15. Cockman ME,Webb JD, Ratcliffe PJ. FIH-dependent asparaginyl hydroxylation of ankyrin repeat
domain-containing proteins. Ann N Y Acad Sci. 2009; 1177:9–18. doi: 10.1111/j.1749-6632.2009.
05042.x PMID: 19845602.
16. Devries IL, Hampton-Smith RJ, Mulvihill MM, Alverdi V, Peet DJ, Komives EA. Consequences of Ikap-
paB alpha hydroxylation by the factor inhibiting HIF (FIH). FEBS letters. 2010; 584(23):4725–30. Epub
2010/11/09. doi: 10.1016/j.febslet.2010.10.060 PMID: 21056038.
17. Karttunen S, Duffield M, Scrimgeour NR, Squires L, LimWL, Dallas ML, et al. Oxygen-dependent
hydroxylation by FIH regulates the TRPV3 ion channel. J Cell Sci. 2015; 128(2):225–31. doi: 10.1242/
jcs.158451 PMID: 25413349.
18. Zhang N, Fu Z, Linke S, Chicher J, Gorman JJ, Visk D, et al. The asparaginyl hydroxylase factor inhibit-
ing HIF-1alpha is an essential regulator of metabolism. Cell Metab. 2010; 11(5):364–78. Epub 2010/04/
20. doi: 10.1016/j.cmet.2010.03.001 PMID: 20399150.
19. Scholz CC, Cavadas MA, Tambuwala MM, Hams E, Rodriguez J, von Kriegsheim A, et al. Regulation
of IL-1beta-induced NF-kappaB by hydroxylases links key hypoxic and inflammatory signaling path-
ways. Proc Natl Acad Sci U S A. 2013; 110(46):18490–5. doi: 10.1073/pnas.1309718110 PMID:
24145445.
20. SowaME, Bennett EJ, Gygi SP, Harper JW. Defining the human deubiquitinating enzyme interaction
landscape. Cell. 2009; 138(2):389–403. Epub 2009/07/21. doi: 10.1016/j.cell.2009.04.042 PMID:
19615732.
21. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, et al. Targeting of HIF-alpha to the
von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science. 2001; 292
(5516):468–72. Epub 2001/04/09. PMID: 11292861.
22. Wilkins SE, Karttunen S, Hampton-Smith RJ, Murchland I, Chapman-Smith A, Peet DJ. Factor inhibit-
ing HIF (FIH) recognises distinct molecular features within hypoxia inducible factor (HIF)-alpha versus
ankyrin repeat substrates. The Journal of biological chemistry. 2012. Epub 2012/01/25. doi: 10.1074/
jbc.M111.294678 PMID: 22270367.
23. Herhaus L, Al-Salihi M, Macartney T, Weidlich S, Sapkota GP. OTUB1 enhances TGFbeta signalling
by inhibiting the ubiquitylation and degradation of active SMAD2/3. Nature communications. 2013;
4:2519. doi: 10.1038/ncomms3519 PMID: 24071738.
24. Li Y, Sun XX, Elferich J, Shinde U, David LL, Dai MS. Monoubiquitination is critical for ovarian tumor
domain-containing ubiquitin aldehyde binding protein 1 (Otub1) to suppress UbcH5 enzyme and
FIH Regulates Metabolism through OTUB1
PLOS Biology | DOI:10.1371/journal.pbio.1002347 January 11, 2016 20 / 22
stabilize p53 protein. J Biol Chem. 2014; 289(8):5097–108. doi: 10.1074/jbc.M113.533109 PMID:
24403071.
25. Sun XX, Challagundla KB, Dai MS. Positive regulation of p53 stability and activity by the deubiquitinat-
ing enzyme Otubain 1. EMBO J. 2012; 31(3):576–92. doi: 10.1038/emboj.2011.434 PMID: 22124327.
26. Wiener R, DiBello AT, Lombardi PM, Guzzo CM, Zhang X, Matunis MJ, et al. E2 ubiquitin-conjugating
enzymes regulate the deubiquitinating activity of OTUB1. Nature structural & molecular biology. 2013;
20(9):1033–9. doi: 10.1038/nsmb.2655 PMID: 23955022.
27. Wiener R, Zhang X, Wang T, Wolberger C. The mechanism of OTUB1-mediated inhibition of ubiquitina-
tion. Nature. 2012; 483(7391):618–22. doi: 10.1038/nature10911 PMID: 22367539.
28. Semenza GL, Wang GL. A nuclear factor induced by hypoxia via de novo protein synthesis binds to the
human erythropoietin gene enhancer at a site required for transcriptional activation. Molecular and cel-
lular biology. 1992; 12(12):5447–54. Epub 1992/12/01. PMID: 1448077.
29. Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O'Rourke J, Mole DR, et al. C. elegans EGL-9 and
mammalian homologs define a family of dioxygenases that regulate HIF by prolyl hydroxylation. Cell.
2001; 107(1):43–54. Epub 2001/10/12. PMID: 11595184.
30. Hewitson KS, McNeill LA, Riordan MV, Tian YM, Bullock AN, Welford RW, et al. Hypoxia-inducible fac-
tor (HIF) asparagine hydroxylase is identical to factor inhibiting HIF (FIH) and is related to the cupin
structural family. The Journal of biological chemistry. 2002; 277(29):26351–5. Epub 2002/06/04. PMID:
12042299.
31. Ivan M, Kondo K, Yang H, KimW, Valiando J, Ohh M, et al. HIFalpha targeted for VHL-mediated
destruction by proline hydroxylation: implications for O2 sensing. Science. 2001; 292(5516):464–8.
Epub 2001/04/09. PMID: 11292862.
32. Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML, Bruick RK. FIH-1 is an asparaginyl hydroxy-
lase enzyme that regulates the transcriptional activity of hypoxia-inducible factor. Genes & develop-
ment. 2002; 16(12):1466–71. Epub 2002/06/25. doi: 10.1101/gad.991402 PMID: 12080085.
33. Mahon PC, Hirota K, Semenza GL. FIH-1: a novel protein that interacts with HIF-1alpha and VHL to
mediate repression of HIF-1 transcriptional activity. Genes & development. 2001; 15(20):2675–86.
Epub 2001/10/20. PMID: 11641274.
34. Koditz J, Nesper J, Wottawa M, Stiehl DP, Camenisch G, Franke C, et al. Oxygen-dependent ATF-4
stability is mediated by the PHD3 oxygen sensor. Blood. 2007; 110(10):3610–7. Epub 2007/08/09. doi:
10.1182/blood-2007-06-094441 PMID: 17684156.
35. Wottawa M, Koditz J, Katschinski DM. Normoxic destabilization of ATF-4 depends on proteasomal deg-
radation. Acta physiologica. 2010; 198(4):457–63. doi: 10.1111/j.1748-1716.2009.02060.x PMID:
19922526.
36. Bradley A, Anastassiadis K, Ayadi A, Battey JF, Bell C, Birling MC, et al. The mammalian gene function
resource: the International Knockout Mouse Consortium. Mammalian genome: official journal of the
International Mammalian Genome Society. 2012; 23(9–10):580–6. doi: 10.1007/s00335-012-9422-2
PMID: 22968824.
37. Koscielny G, YaikhomG, Iyer V, Meehan TF, Morgan H, Atienza-Herrero J, et al. The International
Mouse Phenotyping ConsortiumWeb Portal, a unified point of access for knockout mice and related
phenotyping data. Nucleic Acids Res. 2014; 42(Database issue):D802–9. doi: 10.1093/nar/gkt977
PMID: 24194600.
38. Pettitt SJ, Liang Q, Rairdan XY, Moran JL, Prosser HM, Beier DR, et al. Agouti C57BL/6N embryonic
stem cells for mouse genetic resources. Nat Methods. 2009; 6(7):493–5. doi: 10.1038/nmeth.1342
PMID: 19525957.
39. SkarnesWC, Rosen B, West AP, Koutsourakis M, Bushell W, Iyer V, et al. A conditional knockout
resource for the genome-wide study of mouse gene function. Nature. 2011; 474(7351):337–42. doi: 10.
1038/nature10163 PMID: 21677750.
40. Brown SD, Moore MW. The International Mouse Phenotyping Consortium: past and future perspectives
on mouse phenotyping. Mammalian genome: official journal of the International Mammalian Genome
Society. 2012; 23(9–10):632–40. doi: 10.1007/s00335-012-9427-x PMID: 22940749.
41. Eltzschig HK, Bratton DL, Colgan SP. Targeting hypoxia signalling for the treatment of ischaemic and
inflammatory diseases. Nat Rev Drug Discov. 2014; 13(11):852–69. doi: 10.1038/nrd4422 PMID:
25359381.
42. O'Neill LA, Hardie DG. Metabolism of inflammation limited by AMPK and pseudo-starvation. Nature.
2013; 493(7432):346–55. doi: 10.1038/nature11862 PMID: 23325217.
43. Edelmann MJ, Iphofer A, Akutsu M, Altun M, di Gleria K, Kramer HB, et al. Structural basis and specific-
ity of human otubain 1-mediated deubiquitination. Biochem J. 2009; 418(2):379–90. doi: 10.1042/
BJ20081318 PMID: 18954305.
FIH Regulates Metabolism through OTUB1
PLOS Biology | DOI:10.1371/journal.pbio.1002347 January 11, 2016 21 / 22
44. Nakada S, Tai I, Panier S, Al-Hakim A, Iemura S, Juang YC, et al. Non-canonical inhibition of DNA dam-
age-dependent ubiquitination by OTUB1. Nature. 2010; 466(7309):941–6. doi: 10.1038/nature09297
PMID: 20725033.
45. Wang T, Yin L, Cooper EM, Lai MY, Dickey S, Pickart CM, et al. Evidence for bidentate substrate bind-
ing as the basis for the K48 linkage specificity of otubain 1. J Mol Biol. 2009; 386(4):1011–23. doi: 10.
1016/j.jmb.2008.12.085 PMID: 19211026.
46. Dames SA, Martinez-Yamout M, De Guzman RN, Dyson HJ, Wright PE. Structural basis for Hif-1 alpha
/CBP recognition in the cellular hypoxic response. Proc Natl Acad Sci U S A. 2002; 99(8):5271–6.
PMID: 11959977.
47. Freedman SJ, Sun ZY, Poy F, Kung AL, Livingston DM, Wagner G, et al. Structural basis for recruit-
ment of CBP/p300 by hypoxia-inducible factor-1 alpha. Proc Natl Acad Sci U S A. 2002; 99(8):5367–
72. PMID: 11959990.
48. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The Protein Data Bank.
Nucleic Acids Res. 2000; 28(1):235–42. PMID: 10592235.
49. Moreland JL, Gramada A, Buzko OV, Zhang Q, Bourne PE. The Molecular Biology Toolkit (MBT): a
modular platform for developing molecular visualization applications. BMC Bioinformatics. 2005; 6:21.
PMID: 15694009.
50. Linke S, Hampton-Smith RJ, Peet DJ. Characterization of ankyrin repeat-containing proteins as sub-
strates of the asparaginyl hydroxylase factor inhibiting hypoxia-inducible transcription factor. Methods
Enzymol. 2007; 435:61–85. PMID: 17998049.
51. Turriziani B, Garcia-Munoz A, Pilkington R, Raso C, KolchW, von Kriegsheim A. On-beads digestion in
conjunction with data-dependent mass spectrometry: a shortcut to quantitative and dynamic interaction
proteomics. Biology. 2014; 3(2):320–32. doi: 10.3390/biology3020320 PMID: 24833512.
52. Vizcaino JA, Deutsch EW,Wang R, Csordas A, Reisinger F, Rios D, et al. ProteomeXchange provides
globally coordinated proteomics data submission and dissemination. Nat Biotechnol. 2014; 32(3):223–
6. doi: 10.1038/nbt.2839 PMID: 24727771.
53. Mi H, Muruganujan A, Thomas PD. PANTHER in 2013: modeling the evolution of gene function, and
other gene attributes, in the context of phylogenetic trees. Nucleic Acids Res. 2013; 41(Database
issue):D377–86. doi: 10.1093/nar/gks1118 PMID: 23193289.
54. Mi H, Thomas P. PANTHER pathway: an ontology-based pathway database coupled with data analysis
tools. Methods in molecular biology. 2009; 563:123–40. doi: 10.1007/978-1-60761-175-2_7 PMID:
19597783.
55. Orchard S, Ammari M, Aranda B, Breuza L, Briganti L, Broackes-Carter F, et al. The MIntAct project—
IntAct as a common curation platform for 11 molecular interaction databases. Nucleic Acids Res. 2014;
42(Database issue):D358–63. doi: 10.1093/nar/gkt1115 PMID: 24234451.
56. Huang daW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nature protocols. 2009; 4(1):44–57. doi: 10.1038/nprot.2008.211
PMID: 19131956.
57. Huang daW, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths toward the compre-
hensive functional analysis of large gene lists. Nucleic Acids Res. 2009; 37(1):1–13. doi: 10.1093/nar/
gkn923 PMID: 19033363.
58. Sievers F, Higgins DG. Clustal Omega, accurate alignment of very large numbers of sequences. Meth-
ods in molecular biology. 2014; 1079:105–16. doi: 10.1007/978-1-62703-646-7_6 PMID: 24170397.
59. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011; 7:539. doi: 10.1038/
msb.2011.75 PMID: 21988835.
FIH Regulates Metabolism through OTUB1
PLOS Biology | DOI:10.1371/journal.pbio.1002347 January 11, 2016 22 / 22
